This paper reports the effect of controlled growth dynamics, as monitored by in situ optical reflectance, on the microstructure of nonpolar aplane GaN films grown on r -plane sapphire. The mosaic microstructure of a-plane GaN and its anisotropy are evaluated by X-ray rocking curve (XRC) measurements. By inserting a pronounced islanding stage followed by an enhanced lateral growth, pit-free a-plane GaN has been achieved showing an XRC linewidth of 0:18 and 0:3 for on-and off-axes planes, respectively, with only minor anisotropy. The density of basal-plane stacking faults is reduced by 70% as determined by a modified Williamson-Hall X-ray analysis.
Introduction
In the heteroepitaxy of nonpolar a-plane GaN (a-GaN), two major issues are the poor surface morphology with triangular/pentagonal surface pits [1] [2] [3] and the presence of a high density of structural defects, including threading dislocations (TDs) and basal-plane stacking faults (BSFs) bounded by partial dislocations (PDs). [4] [5] [6] [7] [8] In the study of c-plane GaN (c-GaN) growth, an intentional three-dimensional (3D) to two-dimensional (2D) transition (a roughening-recovery process) was found crucial in achieving improved crystalline quality. [9] [10] [11] [12] Applying this concept, Hollander et al. 3) reported that a two-step a-GaN growth procedure (beyond the initial buffer layer) with different V/III ratios can empirically reduce the linewidth of the on-axis X-ray rocking curve (XRC). To establish a basis for interpreting the complex morphology in nonpolar GaN heteroepitaxy, we recently employed selective area growth (SAG) to map out kinetic Wulff plots (v-plots) for polar, semipolar, and nonpolar orientations.
2) The knowledge of v-plots enables in the present study a rational control of the growth dynamics for a-GaN on r-plane sapphire (r-sapphire). The degree of the initial roughening can be tailored by controlling the vertical versus lateral growth rates. Rapid island coalescence leading to a pit-free morphology was attained using conditions that facilitate lateral growths. A significant improvement in the microstructural quality of the a-GaN films is correlated with the insertion of a 3D-growth stage. The nature and anisotropy of defects were examined by XRC using on-and off-axes diffraction planes spanning over a broad steradian angular range.
Experiment
All the a-GaN samples were grown on nominally on-axis rsapphire (substrate nitridation is adopted 13) ) in a horizontal metalorganic chemical vapor deposition reactor. A 60-nmthick AlN buffer was grown at 1150 C. For the baseline (sample A), 2-mm-thick a-GaN was directly grown on the AlN buffer at 1050 C, a reactor pressure, P, of 60 mbar and a V/III ratio of 187. For all other samples (B-F) a 3D-growth stage was introduced with various P and V/III (Table I) to control the growth dynamics, before returning to the baseline condition. Sample F, having the longest roughening growth stage, was grown nominally twice as thick as other samples to ensure a fully coalesced surface. The sample surfaces were examined by scanning electron microscope (SEM; FEI XL30 field-emission microscope). A normal-incidence optical reflectometer (wavelength ¼ 900 nm) was implemented to monitor all the a-GaN growths. The in situ optical reflectance is a powerful real-time tool and has been widely utilized for studying the surface roughness, layer thickness, and the growth evolution dynamics. [9] [10] [11] [12] A high resolution X-ray diffractometer (Bede D1) was employed to examine the effect of the controlled growth dynamics on the microstructure of the a-GaN films. Double-crystal XRCs were measured in symmetric and skew symmetric geometry for on-axis and off-axis planes, respectively.
Results and Discussion
For sample A (one step growth), the in situ reflectance trace exhibits instant oscillations [ Fig. 1(a) ] indicating a quasi-2D growth mode. This observation agrees well with the v-plots 2) that the growth condition for sample A suppresses the vertical a-axis growth and promotes lateral growths. Our earlier study 2) of v-plots further indicated that the vertical growth can be greatly enhanced while the lateral growth (especially along the c-axis) is slowed down under an increased V/III ratio and/or an elevated P, thus facilitating the formation of a-GaN islands with a ''tall'' aspect ratio. Such knowledge was incorporated into the design of a ''twostep'' procedure to induce a 3D islanding stage and to test both the controllability and effect. During the 1st-step growth of samples B-F, as the V/III ratio and/or P increase, surface becomes increasingly rough as revealed by the progressive decay of the reflectance traces, 14) eventually down to nearly
Once the growth is switched back to the baseline condition (for the second-step growth), island coalescence through lateral growth occurs at a rate that is inversely correlated with the extent of roughening after the 1st-step growth. The amplitude of reflectance oscillations decreases from sample A to F because of their increased surface roughening, but the average of reflectance oscillations remains similar. All the samples exhibit a pit-free surface under SEM, as shown in Fig. 2 for sample F.
In a-GaN films, TDs have different characteristics from those in c-GaN. Pure screw TDs have Burgers vectors b s ¼ AE1=3½1120, and pure edge TDs b e ¼ AE½0001. Due to the reduced symmetry of a-GaN surface, there are three kinds of mixed type TDs, (1) 
4) It has been commonly observed that the BSFs in a-GaN are mostly of I 1 type, normally bounded by Frank-Shockley PDs with b p ¼ AE1=6½202 AE 3, AE1=6½022 AE 3, or AE1=6½220 AE 3.
5-8)
Given the complexity of TDs/PDs, it is necessary to measure XRCs for both on-and off-axes planes over a sufficiently large azimuthal and polar angular space (Fig. 3 ) to obtain a comprehensive knowledge of the microstructure of a-GaN. The full widths at half maximum (FWHMs) were obtained through fitting with pseudo-Voigt functions. 15) Figure 4(a) shows the FWHM of the on-axis (1120) XRCs as a function of the azimuthal angle, '. The ' angle is set at 0 and 90 when the rocking direction of the incident and diffracted X-ray beams is parallel and perpendicular to the c-axis [0001] (the striation direction), respectively (Fig. 3) . The baseline sample A (with instant reflectance oscillations) exhibits very anisotropic FWHMs for the on-axis (1120) XRCs, similar to many previous reports. 1, 3, 16, 17) However, with the introduction of a 3D growth stage, the FWHM of the on-axis (1120) XRC at ' ¼ 90 decreases monotonically from sample A to F, and the FWHM-' plots become less steep, indicative of improved isotropy. Given the insensitivity of (1120) diffraction to BSFs, 8, 18) the anisotropic broadening of the on-axis (1120) XRCs is due to the anisotropy in mosaic tilt and/or domain size (the influence of BSFs is not considered here). 15, 19) The former is related to the angular distribution of TDs/PDs with a screw component; and the latter may be induced by the asymmetry in lattice mismatch between a-GaN and r-sapphire along the two orthogonal inplane axes. The high mismatch along the m-axis ($16%) and the much smaller mismatch along the c-axis ($1:2%) may energetically favor the formation of highly elongated a-GaN nuclei along the c-axis, causing anisotropic broadening in the on-axis (1120) XRCs. According to the v-plots, 2) however, the 1st-step growth conditions (high V/III ratio and high P) may kinetically help produce a-GaN nucleation islands in a more isotropic shape. A Williamson-Hall (WH) X-ray study 15, 19, 20) of the on-axis a-plane at ' ¼ 0 and 90 is now underway to decouple the contributions of mosaic tilt and domain size to the on-axis XRC broadening.
Mosaic twist (in-plane misalignment) is an important aspect of the microstructure and normally correlated with TDs/PDs with an edge component, 15, 19) a subject that has been studied only briefly for a-GaN film. 4, 17) To study twist in the a-GaN films, XRC measurements were implemented in a skew symmetric geometry for off-axis planes having an inclination angle with respect to the on-axis (1120) at various azimuths (Fig. 3) . The planes involved in this study are (2110), (1011), (1012) ), respectively. The (', ) angles of the off-axis planes were determined with the aid of a-GaN SAG mesa (with both convex and concave growth fronts) grown out of an annular ring opening (Fig. 3) .
2) As shown in Fig. 4(b) , for all the samples the FWHM-' plots of the offaxis XRCs are fairly flat with a small anisotropy [unlike the case of on-axis XRCs in Fig. 4(a) ], implying a uniform angular distribution of TDs/PDs with an edge component. For sample A (with no intentional 3D growth), the off-axis XRC FWHMs are very high, ranging from 0.6 to 0.7 . With the insertion of 3D island growths, the off-axis XRC FWHMs decrease evenly for all the azimuths from samples B to F, reaching a $50% reduction for the case with a prolonged 3D growth. The off-axis XRC FWHM ($0:3 ) of sample F ($4 mm thick) is among the lowest reported so far for a-GaN grown on r-sapphire.
To obtain a more detailed picture of the mosaic tilt/twist distribution in a-GaN, we further studied -plots at two orthogonal azimuths (Fig. 5) . The -plot is an established procedure to extract the in-plane misalignment for cGaN. 19, 21) The both -plots in Fig. 5 show that, for all the samples, the FWHMs increase as increases, indicating that there is more twist than tilt. It has been reported that the majority of dislocations in a-GaN are I 1 -BSF-related FrankShockley PDs with b p ¼ 1=6h2203i. 7) And the uniform reduction in twist for all the azimuths [ Fig. 4(b) ] implies that the twist at various azimuths may be attributed to the same origin. Hence we speculate that it is the in-plane components (b ¼ 1=2h0001i and b ¼ 1=3h1100i from b p ¼ 1=6h2203i) 8) of I 1 -BSF-related Frank-Shockley PDs that mainly account for the twist as approaches 90 towards the in-plane c-and m-axes, respectively. From sample A to F, the monotonic reduction (> 50%) in FWHM for both the on-and off-axes XRCs (Figs. 4 and 5) is clear evidence that the crystalline quality of the a-GaN films is substantially improved through the inserted 3D-and-2D growth process. As shown in Fig. 3 , a-GaN islands normally have inclined sidewalls, such as (1011) and (1010).
2) During the 3D island growth and/or the subsequent island coalescence, the TDs/PDs within the islands may bend at the inclined growth fronts, 22, 23) and annihilate via their interaction with each other.
Recently, McLaurin et al. 18) proposed a model treating BSFs as boundaries between incoherently scattering domains, and determined the lateral coherence length (LCL) along the c-axis in m-plane GaN film through a modified WH analysis. The same concept is applied here to determine the c-axis LCL and estimate the BSF density in the a-GaN films. Because a-plane diffraction is insensitive to the presence of BSFs, a modified WH analysis was carried out with m-plane (n0n0) diffraction (n ¼ 1, 2, and 3;
) in a skew symmetric geometry with the X-ray rocking along the c-axis (Fig. 3) . The XRC FWHMs for all three diffractions decrease monotonically from sample A to F [ Fig. 6(a) ], another indicator of the clear trend of improved structural quality. It is noted that for all the samples, the FWHMs of (1010) and (2020) XRCs are much broader than that of (3030) XRC, because the former two XRCs are predominantly broadened by the short c-axis LCLs due to the presence of BSFs, which is more clearly revealed by the WH plots in Fig. 6(b) . Since (3030) diffraction is insensitive to the presence of BSFs, the (3030) data-points in the WH plots [ Fig. 6(b) ] are significantly lower than the expected values from the linear fits to the corresponding (1010) and (2020) data-points of each sample.
18) The c-axis LCLs can be derived from the y-axis intercepts (y 0 ) of the linear fits, LCL ¼ 0:9=ð2y 0 Þ. 15) And the reciprocal of the LCLs gives the density of BSFs. The determined LCL and BSF density of all the samples are summarized in Table I . It is clearly shown that the more the 3D process is involved in the firststep growth, the longer the c-axis LCL and the lower the BSF density. The substantial reduction ($70%) in BSF density is likely related to the bending of PDs and/or the possibly improved GaN nucleation under the first-step growth condition, since zinc-blende nucleation is less favorable under a high V/III condition. 24) 
Conclusions
In conclusions, a rational design of two-step growth process has been carried out to greatly improve the structural quality of a-GaN films. Compared to the very broad XRC FWHMs of the one-step grown a-GaN, a substantial reduction (>50%) in XRC FWHM and an increase in c-axis LCL (3 times) have been achieved through the rougheningrecovery process. A detailed study on the a-GaN microstructural evolution is currently in progress to unveil the mechanisms for the reduction of TDs/PDs and BSFs.
